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SUMMARY 
The main problem w i t h  amp l i tude  modu la t ing  t ype  sensors i s  t h a t  any v a r i a -  
t i o n  i n  the  i n t e n s i t y  of t he  o p t i c a l  s i g n a l  which occurs  throughout  t he  sens ing 
system i s  i n t e r p r e t e d  by t he  pho tode tec to r  as r e s u l t i n g  f r om  the  sensor i t s e l f  
and i s  r e f l e c t e d  as an e r r o r  i n  t he  sensed parameter.  To account f o r  these 
e r r o r s ,  a  r e f e r e n c i n g  technique w i t h  t he  s i g n a l  and re fe rence  channels sepa- 
r a t e d  i n  t he  t ime domain over  t he  same f i b e r  l i n k  can be used. 
C3 
- 
e 
I Selec ted  sens ing and s i g n a l  p rocess ing  techniques i n v o l v i n g  t empo ra l l y  
separated s i g n a l  and r e f e r e n c i n g  channels a re  descr ibed .  A t r a n s i t i o n  f r om  
the  t ime i n t o  the  f requency domain i s  a l s o  d iscussed.  Exper imental  da ta  a re  
presented.  
INTRODUCTION 
Ampl i tude modu la t ing  f i b e r  o p t i c  sensors have found a p p l i c a t i o n s  due t o  
t h e i r  s i m p l i c i t y  and r e l a t i v e l y  low c o s t .  These sensors respond t o  t he  sensed 
parameter by changing the  i n t e n s i t y  o f  t he  o p t i c a l  s i gna l  i n  t he  system. How- 
ever  a  sens ing system based on t h i s  p r i n c i p l e  i s  a l s o  s u s c e p t i b l e  t o  t he  i n t e n -  
s i t y  v a r i a t i o n s  o f  t he  o p t i c a l  s i g n a l  which occur  throughout  t he  system. These 
v a r i a t i o n s  cannot be d i s t i n g u i s h e d  by a  pho tode tec to r  f r om  i n t e n s i t y  changes 
caused by t he  sensor i t s e l f  and c o n t r i b u t e  t o  an e r r o r  i n  t he  sensed parameter.  
Because o f  t h i s  the  sens ing system r e q u i r e s  two channels,  a  r e fe rence  and a 
s i g n a l ,  t o  compensate f o r  v a r i a t i o n s  i n  t he  source i n t e n s i t y ,  d e t e c t o r  sens i -  
t i v i  t y ,  and t r ansm iss i on  c h a r a c t e r i s t i c s  o f  t he  f i b e r - o p t i c  1 i n k  ( r e f .  1 ) .  
Among d i f f e r e n t  r e f e r e n c i n g  techniques a v a i l a b l e ,  t he  one w i t h  channels 
separated i n  the  t ime domain i s  a t t r a c t i v e  because i t  pe rm i t s  the  use o f  t he  
same f i b e r  l i n k  f o r  bo th  channels.  The technique i s  based on gene ra t i ng  a  
pu l se  t r a i n  us i ng  a pu l se  modulated l i g h t  source and a f i b e r  o p t i c  l oop  
( r e f s .  2 and 3 ) .  The f i b e r  o p t i c  l oop  w i t h  a  sensor i nco rpo ra ted  i n  i t  forms 
a sensor head. Thus, t he  sepa ra t i on  o f  t he  channels occurs  i n t e r n a l l y  w i t h i n  
t he  sensor head. To r e t r i e v e  i n f o r m a t i o n  about t he  measured parameter,  t h e  
amp1 i tudes o f  pu lses  i n  t h e  t r a i n  must be compared. The most r e c e n t  technique 
developed t o  do t h i s  i n v o l v e s  s p e c t r a l  a n a l y s i s  o f  t he  cor responding e l e c t r i c a l  
s i gna l  f r om  t h e  pho tode tec to r  ( r e f .  4 ) .  Th is  t r a n s i t i o n  i n t o  the f requency 
domain p rov ides  new o p p o r t u n i t i e s  f o r  f i b e r  o p t i c  sensors. 
TIME-TO-FREQUENCY CONVERSION 
The phenomenon o f  t ime- to- f requency convers ion  has been exp la i ned  i n  
r e fe rence  4. I t  can be performed by t a k i n g  a  F o u r i e r  t r ans fo rm  o f  a  p e r i o d i c  
pu l se  t r a i n  t h a t  e x i t s  a  f i b e r  o p t i c  loop .  Analyses o f  d i f f e r e n t  components 
o f  t he  f requency spectrum p r o v i d e  i n f o r m a t i o n  about t he  r e l a t i v e  ampl i tudes o f  
t h e  pu lses  i n  the  t r a i n .  The sepa ra t i on  o f  these components i s  determined by 
t he  r e p e t i t i o n  r a t e  o f  t he  i n i t i a l  pu l se .  
I n  t he  exper imenta l  setup shown i n  f i g u r e  1  a  narrow r e p e t i t i v e  pu l se  
( pu l se  w i d t h  a t  h a l f  power i s  5  nsec and r e p e t i t i o n  r a t e  i s  20 MHz) i s  sen t  
i n t o  a  r e f l e c t i v e  Fabry-Perot  t ype  f i b e r  o p t i c  loop  which c o n s i s t s  o f  a  2.5 m 
l ong  mult imode f i b e r  p laced  between two m i r r o r s ,  M I  and M2. The m i r r o r  M I  i s  
a  semiref lec t ing-semi t ransmi t t ing  m i r r o r  w i t h  a  r e f l e c t i o n  c o e f f i c i e n t  o f  about 
0.2 a t  a  wavelength of 830 nm. The m i r r o r  M2 i s  a  r e f l e c t o r  p o s i t i o n e d  on a  
t r a n s l a t i o n  s tage T  t o  p r o v i d e  a  l o n g i t u d i n a l  sepa ra t i on  Q between t h e  
f i b e r  end and t he  r e f l e c t i v e  su r f ace  o f  the  m i r r o r .  An o p t i c a l  system c o n s i s t -  
i n g  o f  a  c o l l i m a t i n g  l ens  L and a  50150 cube b e a m s p l i t t e r  BS p rov i des  the  
c o u p l i n g  o f  t h e  l i g h t  i n t o  t h e  f i b e r  loop  and d i r e c t s  t h e  r e t u r n i n g  pu l se  
t r a i n  towards t he  pho tode tec to r  D v i a  t h e  f i b e r  F. 
The c o n f i g u r a t i o n  i s  chosen t o  p r o v i d e  secondary pu lses  due t o  r e f l e c t i o n  
f r om  t h e  m i r r o r  M2 cen te red  between p e r i o d i c  i n i t i a l  pu lses .  The amp l i tudes  o f  
t h e  i n i t i a l  and t he  secondary pu l ses  a re  ad jus ted  t o  be approx imate ly  t he  same. 
F i gu re  2(a)  d e p i c t s  t he  shape of t h e  o p t i c a l  s i g n a l  t h a t  e x i t s  t he  f i b e r  l oop  
and f i g u r e  2(b) shows t he  f requency  spectrum o f  t h i s  s i g n a l .  I f  t h e  en t rance  
i n t o  t he  f i b e r  o p t i c  l oop  i s  b locked,  t he  secondary pu l se  would n o t  be gener- 
a ted.  Th i s  corresponds t o  a  case when t he  m i r r o r  M2 i s  moved away f r o m  t h e  
f i b e r  end by such a  d i s t ance  t h a t  t he re  i s  p r a c t i c a l l y  no l i g h t  coupled back 
i n t o  t h e  l oop  upon r e f l e c t i o n .  I n  t h i s  case t he  s i g n a l  de tec ted  by t h e  photo- 
d e t e c t o r  resembles t h e  p e r i o d i c  i n i t i a l  pu lses .  F igures  3(a) and 3 (b>  show, 
r e s p e c t i v e l y ,  the  o p t i c a l  s i g n a l  t h a t  reaches t h e  pho tode tec to r  when t he  
en t rance  t o  t he  loop  i s  b locked  ( t h e  i n i t i a l  s i g n a l )  and i t s  f requency  spec- 
trum. I t  can be seen from t h e  f requency  spec t ra  t h a t  t he  fundamental component 
a t  20 MHz f o r  the  i n i t i a l  s i g n a l  ( f i g .  3 (b )>  i s  n o t  p resen t  i n  t he  spectrum o f  
t he  r e s u l t a n t  s i g n a l  t h a t  e x i t s  t he  loop  ( f i g .  2 ( b ) > .  A t  t he  same t ime  t h e  
f requency  component a t  40 MHz i s  p resen t  i n  bo th  f i g u r e s ,  be ing  t he  fundamental 
o f  t he  r e s u l t a n t  s i gna l  and t h e  second harmonic o f  t he  i n i t i a l  one. If t h e  
amp l i tudes  o f  t he  i n i t i a l  and t h e  secondary pu lses  d i f f e r ,  the  magnitude o f  t he  
component a t  20 MHz would v a r y  f r o m  z e r o  f o r  a  case o f  equal amp l i tudes  t o  a  
maximum f o r  a  case o f  an absent  secondary pu l se .  The component a t  40 MHz can 
be used as a  r e fe rence  t o  compensate f o r  i n t e n s i t y  v a r i a t i o n s  o u t s i d e  t h e  f i b e r  
o p t i c  loop .  Th is  component a l s o  changes i t s  magnitude w i t h  a  change i n  t h e  
secondary pu l se  ampl i tude.  However, t h e  magnitude o f  t h e  40 MHz compQnent 
decreases w i t h  a  decrease i n  t h e  amp l i tude  o f  t he  secondary pu lse .  I t  can be 
shown t h a t  a  r a t i o  o f  these magnitudes i s  independent o f  t he  i n i t i a l  pu l se  
amp l i tude  and i s  a  f u n c t i o n  o f  t h e  amp l i tude  o f  t he  secondary pu l se  ( r e f .  4 ) .  
Thus, a  change i n  t he  amp l i tude  o f  t he  secondary pu l se  can be de tec ted  by meas- 
u r i n g  and comparing t he  f requency  components a t  20 MHz and 40 MHz. 
One o f  t h e  ways t o  change t h e  amp l i tude  o f  t he  secondary pu l se  i s  t o  
change t h e  amount o f  l i g h t  coupled back i n t o  t he  f i b e r  l oop  upon r e f l e c t i o n  
f r om  the  m i r r o r  M2. I n  t h i s  r espec t  t h e  technique cou ld  be used f o r  d i sp l ace -  
ment measurements . I n  o r d e r  t o  do t h i s  t he  s i g n a l  f r om  the  pho tode tec to r  
(See f i g .  1) i s  s p l i t  i n t o  two channels,  each of which c o n s i s t s  o f  an app rop r i -  
a t e  f i l t e r ,  an a m p l i f i e r  and a  RF d e t e c t o r .  The RF d e t e c t o r  conver ts  t he  f i l -  
t e r e d  and amp1 i f i e d  CW s i g n a l  a t  e i  t h e r  -20 MHz o r  40 MHz i n t o  a  DC ou tpu t .  The 
magnitude of t he  DC o u t p u t  i s  a  l i n e a r  f u n c t i o n  of t he  magnitude of t he  co r re -  
sponding f requency component. The DC s i g n a l s  emerging f r om the  RF d e t e c t o r s  
have been measured and t he  r a t i o  o f  these s i g n a l s  has been ob ta i ned  f o r  d i f f e r -  
e n t  d i s t ances  between t he  loop  and t he  m i r r o r  M2.. The graph i n  f i g u r e  4  repre -  
sents  t he  e x p e r i m e n t a l l y  ob ta i ned  r e l a t i o n s h i p  between t he  r a t i o  of t he  DC 
s i g n a l s  V ~ ( ) M H ~ / V ~ ( ) M H ~  and the  m i r r o r  d isp lacement  Q over  a  range o f  d i sp l ace -  
ments f r om  0  t o  600 pm. Dur ing  t he  exper iment  a  s e n s i t i v i t y  o f  1  pm has been 
observed. 
IN IT IAL  DOUBLE PULSE TECHNIQUE 
The technique descr ibed  i n  t he  above s e c t i o n  o f  t h i s  a r t i c l e  i n v o l v e s  i n i -  
t i a l  pu lses  w i t h  h i g h  r e p e t i t i o n  r a t e .  The h i g h  r e p e t i t i o n  r a t e  p u l s i n g  o f  
l a s e r  d iodes leads t o  ove rhea t i ng  and a f f e c t s  t he  s t a b i l i t y  o f  the  e n t i r e  sys- 
tem. The disadvantages o f  t h i s  approach w i l l  have g r e a t e r  impact i n  sens ing 
systems w i t h  s h o r t e r  f i b e r  o p t i c  loops and w i t h  co r responden t l y  h i ghe r  r e p e t i -  
t i o n  r a t e  i n i t i a l  pu lses .  To min im ize  t h i s  problem a  novel  technique i s  pro-  
posed. The technique i s  based on u s i n g  an i n i t i a l  double  pu l se  w i t h  a  lower  
r e p e t i t i o n  r a t e  and sending t h i s  double pu l se  i n t o  t he  f i b e r  o p t i c  loop  
descr ibed  i n  t he  p rev i ous  s e c t i o n .  I f  the  de lay  between t he  pu lses  i n  t h e  i n i -  
t i a l  double pu l se  i s  t w i c e  as l o n g  as t he  t r a n s i t  t ime  f o r  a  pu l se  i n  t he  f i b e r  
o p t i c  loop ,  a  t r a i n  o f  f o u r  pu lses  r e s u l t s ,  e q u i d i s t a n t  i n  t ime.  
I n  t he  exper imenta l  setup w i t h  2.5 m l o n g  Fabry-Perot  type f i b e r  o p t i c  
loop  t h e  t r a n s i t  t ime  f o r  a  pu l se  i n  t he  l o o p  i s  about 25 nsec. The de lay  
between pu lses  i n  t h e  i n i t i a l  double pu l se  and t he  r e p e t i t i o n  r a t e  a re  chosen 
t o  be about 50 nsec and 1.82 MHz, r e s p e c t i v e l y .  Thus, t he  s i gna l  emerging 
f r om the  loop  c o n s i s t s  o f  a  p e r i o d i c  t r a i n  o f  f o u r  pu lses  25 nsec a p a r t  w i t h  
t he  f irst and t h i r d  be ing  t he  i n i t i a l  pu lses  and t h e  second and f o u r t h  be ing  
t h e i r  r e s p e c t i v e  secondary pu lses .  Th i s  s i g n a l  and i t s  spectrum, as w e l l  as 
t he  s i g n a l  and i t s  spectrum ob ta i ned  when t h e  en t rance  t o  t he  l oop  i s  b locked,  
a re  shown i n  f i g u r e s  5 and 6, r e s p e c t i v e l y .  The spectrum i n  t h i s  case c o n s i s t s  
o f  many components t h a t  appear under t he  f requency envelope o f  the  F o u r i e r  
t r ans fo rm  due t o  t he  r e p e t i t i o n  r a t e .  A t  t h e  same t ime,  two bands o f  f requency 
components cen te red  a t  20 MHz and 40 MHz can be e a s i l y  recognized.  I t  should 
be a l s o  no ted  t h a t  t h e  behav io r  o f  these f requency bands i s  analogous t o  t h a t  
o f  t he  cor responding f requency components a t  e i t h e r  20 MHz o r  40 MHz o f  the  
p e r i o d i c  i n i t i a l  pu lses  d iscussed above. The technique r e q u i r e d  t o  process t he  
r e s u l t a n t  t r a i n  o f  f o u r  pu lses  i n  t h e  f requency domain would a l s o  be analogous 
t o  t h a t  d iscussed above. The d i f f e r e n c e  would be i n  u s i n g  broad bandpass f i l -  
t e r s  i n  each channel t o  cap tu re  severa l  components i n  t he  cor responding band. 
However, t h i s  may l ead  t o  decrease i n  s e n s i t i v i t y .  
CONCLUSION 
Both c o n f i g u r a t i o n s  descr ibed  i n  t h e  paper a re  based on t h e  use o f  a  f i b e r  
o p t i c  loop  t o  modulate t h e  spectrum o f  an i n i t i a l  s i g n a l .  I t  has been shown 
t h a t  h i g h  r e s o l u t i o n  can be ach ieved u s i n g  h i g h  r e p e t i t i o n  r a t e  pu lses ,  a  f i b e r  
o p t i c  l oop  o f  an a p p r o p r i a t e  l eng th ,  and the'  t ime- to- f requency convers ion.  
However, h i g h  r e p e t i t i o n  r a t e s  may be avo ided by u s i n g  t he  i n i t i a l  double  pu l se  
technique presented.  I n  t h i s  r espec t  an inc rease  i n  s e n s i t i v i t y  cou ld  be 
ach ieved by i n c r e a s i n g  t he  number o f  pu lses  i n  t he  i n i t i a l  s i g n a l .  
Due t o  t h e  f a c t  t h a t  t ime- to- f requency convers ion  i n v o l v e s  sepa ra t i on  and 
p rocess ing  o f  t he  two f requency bands by  t a k i n g  t he  r a t i o  o f  t he  emerging s i g -  
n a l s ,  t he  r e s u l t  i s  independent o f  t he  i n t e n s i t y  l e v e l  o f  t h e  i n i t i a l  s i g n a l .  
Th is  makes t he  technique u s e f u l  i n  p r o p u l s i o n  c o n t r o l  systems and o t h e r  a p p l i -  
c a t i o n s  i n v o l v i n g  harsh env i ronment .  
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FIGURE 1.- EXPERIMENTAL SETUP. 
FIGURE 2. - SIGNAL THAT REACHES PHOTODETECTOR 
AFTER EXITING LOOP ( a )  AND ITS SPECTRUM (b) .  
FIGURE 3. - SIGNAL THAT REACHES PHOTODETECTOR 
WHEN ENTRANCE TO LOOP I S  BLOCKED ( a  1 AND ITS  
SPECTRUM (b  1. 
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FIGURE 4. - EXPERIMENTALLY OBTAINED RELATION- 
SHIP BETWEEN THE RATIO V20 MHz/V40 MHz AND 
THE MIRROR I'l2 DISPLACEMENT OVER THE RANGE 
FROH 0 TO 600 PM. 
FIGURE 5.  - SIGNAL THAT REACHES PHOTODETECTOR 
AFTER EXITING LOOP ( a )  AND ITS  SPECTRUM (b)  
I N  SYSTEM WITH IN IT IAL  DOUBLE PULSE. 
FIGURE 6. - SIGNAL THAT REACHES PHOTODETECTOR 
WHEN ENTRANCE TO LOOP IS BLOCKED ( a )  AND ITS 
SPECTRUM (b) IN SYSTEM WITH INITIAL DOUBLE 
PULSE. 
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